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Precise, size-selective assembly and sorting are demonstrated in a low-cost system using 

manufacturable, replicated polymer templates to guide the assembly. Surface interactions 

between microscale objects and an assembly template are combined with fluid forces to drive 

site-selective organization of objects onto the template. Although controlling the organization 

of deformable objects on deformable surfaces offers a key tool for biological applications, the 

deformability can potentially interfere with the process that drives size selectivity. Theoretical 

models of the polymer assembly system were created to predict when selectivity will fail in 

deformable systems and were validated by comparison with experiments. Selective template-

driven assembly of polystyrene microspheres on PDMS templates replicated from silicon 

masters was carried out using templated assembly by selective removal (TASR), demonstrating 

the effectiveness of selective assembly with low-cost, manufacturable materials and processes. 

The assembly of polystyrene microcomponents on PDMS shows high assembly yields and 

effective selectivity, in agreement with models. 

Introduction 

Systems for structuring or analyzing biological specimens face 

competing requirements. On one hand, the need for low cost 

processes and devices drives the use of polymer replication and 

patterning techniques [1-2]. A great many polymer-based 

systems have been demonstrated for applications from tissue 

engineering [3], to biochemical assays [4], to chip-based cell 

growth monitoring systems [5]. On the other hand, many such 

applications require precision in the location and placement of 

individual microcomponents or cells. Precision placement must 

be engineered into systems and can often require greater tool 

and process expense. For example, bio-printing can control the 

3D organization of cells [6], but it is accomplished by 

equipment that drives top-down organization through a serial 

process. At the other extreme, cells and microcomponents can 

be passively organized into predefined 2D arrangements on 

precisely-controlled, micro- or nanostructured, rigid templates 

under the guiding influence of the template’s topography [7-

11]. However, the template’s structure is implemented in a 

conventionally-microfabricated, silicon-based system that is not 

compatible with low-cost applications.  

 A range of techniques that make use of a wide variety of 

forces to trap or sort individual components have been 

implemented in efforts to bridge this gap between precision and 

low cost [12-18]. For example, techniques that use 

dielectrophoretic trapping [19], optical tweezers [20], 

electrophoretic microwells [21], surface chemistry [22], 

mechanical trapping [23] and microfluidic trapping [24] have 

been employed to sort and position microcomponents. 

However, all of these techniques suffer from drawbacks 

involving limited selectivity (e.g. microfluidic and mechanical 

trapping techniques), elaborate set up (e.g. optical methods), or 

the risk of specimen damage (e.g. dielectrophoresis or 

electrophoretic microwells). In other examples, controlling the 

interactions among colloidal micro-particles can create a wide 

range of periodic or quasi-periodic patterns [25-27], but these 

methods do not inherently offer control of the 

microcomponents’ positions relative to the target substrate.  

 The present work bridges the gap between precise control of 

the assembled structure and the use of low-cost, polymer 

materials and replication processes by demonstrating the highly 

selective assembly of model components (polystyrene 

microspheres) onto polydimethylsiloxane (PDMS) templates 

replicated from a well-controlled silicon master. This material 

system is chosen because the components represent one of the 

worst-case scenarios for size-selective assembly of 

mechanically deformable objects, and because of the extensive 

application of PDMS in practical systems.  The present research 

organizes the components using templated assembly by 

selective removal (TASR), which locates components into 

shape- and size-matched wells in a template’s surface [7-11]. 

This approach leverages interactions (e.g. hydrophobic 

interactions or cell adhesion) between the components and 

substrate to promote assembly of the components on the 

surface. These interactions are strongest where the shapes and 

sizes of the components match the shapes and sizes of the 

wells. Selectivity is achieved when fluid forces created by 

externally-input, high frequency (MHz-range) acoustic 

excitations dislodge components from any poorly-matched 

wells in which they may have assembled. Quasi-random 

assembly and deterministic selective removal proceed until the 
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system is nearly fully assembled. This technique is particularly 

well matched to systems at biological and optical length scales.  

 Although the TASR concept has previously been 

demonstrated to achieve highly selective organization of 

inorganic micro-components and biological cells [7-11] on 

patterned rigid substrates, its use with economical, replicated 

polymer templates has not previously been demonstrated or 

modeled. The inclusion of deformable materials in the 

assembly system has been considered, but only in the context of 

deformable components. Models created to explain the 

selective assembly of rigid components on rigid substrates [7-9] 

were extended in [10,11] to describe some cases of interaction 

between deformable components or biological cells and rigid 

substrates. However, in all previous work, assembly templates 

were rigid and were fabricated by conventional, top-down, 

silicon-based micromachining. The previously neglected case 

of assembly onto deformable polymer templates is nonetheless 

of practical importance and scientific interest. Polymer 

templates offer a particular challenge for this type of assembly; 

the key element of shape for shape- and size-matching is 

questionable for systems in which the shape of the polymer 

template changes under applied loads. This work demonstrates 

for the first time the effectiveness of the TASR process for 

selectively organizing deformable microscale objects onto 

replicated polymer templates. It also presents theoretical 

models that can predict the success or failure of assembly in 

this and other material systems.  

 

Theoretical Model 

 The original TASR theory explains the selective self- 

assembly process as a combination of essentially random 

assembly and deterministic selective removal [7-9]. According 

to this theory, which describes the interaction of rigid objects, 

whether a component can be assembled in a given assembly site 

(a given well) on the substrate is effectively predicted by 

whether the mechanical moments (caused by adhesion) that 

oppose removal of the component from the well are larger than 

the mechanical moments (caused by the acoustic fluid 

excitation) that promote removal by rolling the component out 

of the well. Since deformable structures can change in shape 

and size under the application of a load, the 

component/template contact area and interaction strength for 

deformable structures depend on the degree of deformation. 

The TASR theory must therefore be adapted to predict the 

effects of deformability on assembly selectivity. 

 The models of TASR-based assembly for rigid systems 

describe a process of energy minimization in which sufficiently 

large mechanical moments are required to drive the system over 

an energy barrier and into a new configuration. The degree of 

shape matching dictates the energy landscape and determines 

the magnitudes of its resulting conservative forces. It is 

proposed here and in [10] that the key requirement for TASR to 

work with deformable structures is that the deformations should 

be fully elastic, so that the reduction in energy from increasing 

the area of contact is offset by the increase in elastic energy. As 

long as this holds true, the original TASR model will provide 

accurate predictions of assembly in deformable systems. If, 

however, the applied forces result in plastic deformation of 

either the components or the substrate, the predictions of the 

original TASR model will become invalid and the assembly 

may at best be marginally successful. 

 The effects of component deformability on assembly onto a 

rigid substrate were modeled and verified experimentally in 

[10]. The attractive force between the component and the 

substrate produces a deformation in the component, which is 

determined by quantifying the contact mechanism. However, it 

is also important to consider the effects of template 

deformability. For example, if biological cells are assembled 

onto a scaffold for tissue engineering, the scaffold will likely be 

made of a biodegradable polymer such as poly (glycerol 

sebacate) (PGS). If cells are assembled onto a template for a 

cell sorting application, the template will likely be made of 

similarly deformable PDMS. Although TASR’s effectiveness 

for cell assembly onto rigid substrates is demonstrated in [11], 

its use with these types of deformable substrates has not been 

previously addressed. Similarly, biosensors that utilize 

functionalized microspheres may be economically assembled 

onto PDMS, but TASR-based assembly for this case has also 

not been previously studied.  

 A model is presented here that accounts for both template 

deformation and component deformation for cases of assembly 

involving polymers, biomaterials, and biological cells. 

Although this model applies specifically to the common case of 

spherical components, the model can be readily extended to 

components having other geometries (e.g. cylinders) by 

incorporating different radii of curvature in different directions 

into the equations below.  

       The case of a component made from a relatively rigid 

material contacting a deformable substrate is considered first. 

Based on the case of Brinnel indentation of an elastic-plastic 

half-space by a rigid sphere [28], the parameter γ that describes 

the nature of deformation in the substrate is defined as 

oeqR
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The parameter  is the ratio of the indentation pressure (given 

by E’a/ Req) to the initial yield strength σo of the half-space, in 

this case the assembly site on the substrate. Here Req is the 

equivalent radius of curvature that takes into account the radii 

of curvature of both the assembly component Rc and the 

hemispherical well on the assembly template Rt. The equivalent 

radius is given by  
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The quantity F is the contact load applied on the sphere, and it 

is typically dominated by the interaction force that attracts the 

component to the assembly site well. 

 The mechanical behavior of the deformable materials is 

described using an elastic-perfectly plastic model. The elastic-

plastic model is suitable to describe the mechanical behavior of 

polymers such as PMMA, polystyrene, polypropylene, etc. 

under the conditions imposed by the TASR setup. While some 

commonly used rubber-like polymers (e.g. PDMS, PGS) 

exhibit non-linear behavior at large deformation values, for the 

smaller deformations considered here, their behavior is in the 

short linear range. Therefore, the Hertzian contact theory used 

to describe other polymers that are idealized as exhibiting 
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elastic-perfectly plastic behavior is extended to encompass 

behavior of rubbery materials within the range of deformations 

experienced in TASR assembly.          

 From finite element predictions [28] of average indentation 

pressure, the completely elastic Hertzian regime extends for 

values of γ less than 2.5. Above this value, plastic deformation 

begins in the substrate. Table 1 lists values of the ratio γ for 

the interaction of various polymer-based substrate materials 

with relatively rigid silica microspheres that are 2 μm in 

diameter. For the purposes of these calculations, the force is 

assumed to have a magnitude of 4.05 nN, corresponding to a 

typical hydrophobic interaction between a 2 µm diameter 

assembly component and a flat template surface. The contact is 

predicted to be purely elastic for all but one of the substrate 

materials examined here, including bio-compatible polymers 

such as PGS and polycaprolactone (PCL). The value of γ is 

seen to exceed the critical limit for polystyrene substrates, 

which are less common in biological applications. In the case of 

polystyrene (PS), the resulting shape change due to plastic 

deformation may lead to unsuccessful or marginally successful 

assembly. For constant contact load and geometry, this 

represents an upper bound on substrate deformation; the 

substrate deformation arising from a deformable component 

will be less than that arising from a rigid component. Due to its 

low ratio of stiffness to strength, contact on PDMS substrates 

results in the lowest value of the ratio γ among the materials 

considered. PDMS therefore is predicted to remain entirely in 

the elastic regime. 

 For assembly of polymers or cells, the objects being 

assembled are typically also highly deformable. The concepts 

of Hertzian theory are combined with the above analysis of 

plastic deformation of a deformable substrate by a rigid sphere. 

The resulting model describes deformations during assembly of 

deformable microspheres on deformable substrates. First the 

possibility of plastic deformation in the deformable substrate 

material is investigated upon interaction with a more rigid 

component material. If the substrate doesn’t deform plastically, 

then it may safely be assumed to have elastic behavior on 

contact with more deformable materials under otherwise similar 

circumstances. The next step is to consider the possibility of 

deformation of the component by the substrate. Component 

deformation is captured by the model of [10], which quantifies 

a sphere’s deformation in terms of the interference ω. The 

interference describes the amount by which the distance from 

the center of a sphere to the underlying surface is less than the 

radius of the undeformed sphere. The interference is calculated 

for the given set of mechanical properties and is compared to 

the critical interference value ωc [29-30] that marks the 

transition from the purely elastic to the elastic–plastic 

deformation regime.  

 Table 2 shows values of the /c ratio for a range of 

representative components assembled onto PDMS and PGS 

substrates. The assembled components range from polymers to 

biological cells. The effective mechanical properties of 

different types of cells span a wide range, with elastic moduli 

anywhere from a few kPa to tens of MPa. The mechanical 

properties of only a few mammalian cell types (lung carcinoma 

cells and human embryonic stem cells with elastic moduli of 

150 KPa and 25 KPa, respectively) were considered here to 

assess the possibility of implementing assembled biological 

systems, such as engineered tissue or cell sorting platforms. 

The results show that all of the material combinations 

considered here may be expected to remain in the elastic regime 

at the few micron size scale under the influence of nN-scale 

attractive forces, with some biopolymers (e.g. PGS) 

approaching the onset of plastic deformation more closely than 

is predicted for the other materials considered here. These 

models may be combined with the original TASR model for 

rigid components and templates to predict geometries and 

material combinations that can be successfully and selectively 

assembled.  

 

Experiments  

The TASR-based assembly of polystyrene (PS) microspheres 

on PDMS templates was examined experimentally and 

compared with model predictions. Polystyrene is chosen 

because (i) it shows a relatively early onset of plastic 

deformation, (ii) it is relevant to biosensors, and (iii) its 

predicted values for /c are similar to those of some 

biological cells. PDMS templates are chosen for their extremely 

high relevance to biological applications. 

Template Fabrication  

Assembly templates were fabricated by replicating silicon-

based master patterns in PDMS. In addition to creating 

deformable templates with which to test the models, this 

TABLE 1 

Mechanical deformation assessment for interaction of different 

substrate materials with a 2 µm diameter silica microsphere. 

 

Substrate material γ value on indentation   

Teflon (PTFE) 1.22 

PMMA 0.75 

Polystyrene (PS) 3.05 

Polypropylene 0.95 

Melamine 1.61 

PDMS 0.03 

poly(glycerol sebacate) (PGS) 0.68 

Polycaprolactone (PCL) 1.01 

poly(sorbitol sebacate) (PSS) 0.15 

poly(maltitol sebacate) (PMtS) 0.53 

 

TABLE 2 

Mechanical deformation assessment for contact between 2 

μm diameter spherical components made of different 

deformable materials and PDMS and PGS substrates. 

 

Component material 

ω/ωc 

value on 

PDMS   

ω/ωc value 

on PGS 

Teflon (PTFE) 2.43E-05 2.75E-05 

PMMA 2.04E-06 2.32E-06 

Polystyrene (PS) 4.08E-05 4.33E-05 

Polypropylene 2.13E-06 2.41E-06 

Melamine 7.77E-07 8.83E-07 

PDMS  1.48E-05 2.28E-05 

poly(glycerol sebacate) (PGS) 1.50E-02 2.84E-02 

Polycaprolactone (PCL) 2.75E-05 7.95E-05 

poly(sorbitol sebacate) (PSS) 1.49E-03 2.19E-03 

poly(maltitol sebacate) (PMtS) 6.16E-06 1.78E-05 

Lung carcinoma cells 5.19E-06 6.27E-06 

Human embryonic stem cells 

(hESCs) 

1.10E-05  1.26E-05 

 

Page 3 of 8 Lab on a Chip

La
b

on
a

C
hi

p
A

cc
ep

te
d

M
an

us
cr

ip
t



ARTICLE Journal Name 

4 | J. Name., 2012, 00, 1-3 This journal is © The Royal Society of Chemistry 2012 

approach greatly reduces the cost of template manufacture. Top 

down manufacturing of templates that contain nearly 

hemispherical wells to drive the size-selective organization of 

microspherical components is cost prohibitive. For example, 

the nearly hemispherical wells at the few micron scale in the 

master patterns used here were created using electron beam (e-

beam) lithography followed by an isotropic etch. Details of the 

process sequence to create PDMS templates are described 

below.  

      Fabrication of the master template is as described in [10]. A 

silicon wafer was oxidized to form a 1.7 m thick layer of 

silicon dioxide. An e-beam resist (PMMA) was patterned by e-

beam lithography to create openings in the resist with diameters 

ranging from 45-75 nm. The oxide was etched in BOE to a 

depth of approximately 1 m to create nearly hemispherical 

wells around the resist openings. Deformable PDMS replicas 

were then created from the master silicon templates. The master 

templates were silanized by placing them in a vacuum chamber 

along with three drops of HDMS on a glass slide for one hour; 

the resulting hydrophobic surface reduces adhesion between the 

template and the PDMS. A 10:1 mixture by weight of PDMS 

pre-polymer with its curing agent (Sylgard 184 elastomer from 

Dow Corning) was degassed in vacuum for 10-15 minutes, 

poured onto the wafer to a thickness of about 6 mm, cured at 

130°C for 20 minutes, and peeled off the wafer to form an 

inverse replica. To create replicas in the same tone as the 

original template, the first PDMS copy was replicated using a 

similar process as above. Unlike the original mold process, the 

PDMS copy was not silanized, following a procedure similar to 

that used in [31-32]. After curing, the PDMS layers were peeled 

apart gently with a razor blade.  

      Figure 1 shows optical micrographs of the PDMS replicas 

made from the silica templates. The resulting wells on the 

substrate are about 1 m deep, quasi-hemispherical holes that 

match (to varying degrees) the 2 m diameter polystyrene 

microspheres to be assembled. The finite sizes of the initial 

resist openings result in etched wells that deviate slightly from 

the ideal hemispherical shape; the larger the resist opening, the 

larger the deviation. This is evident in Figure 2, which shows 

AFM profiles of quasi-hemispherical wells etched from resist 

openings of various sizes.  

 

Experimental Procedure  

 The experimental apparatus is similar to that described in 

[10]. To generate acoustic excitation, an acoustic transducer at 

a frequency of 1.7 MHz was placed at the bottom of a large 

(1325 cc) beaker filled with water, with the height of water 

above the transducer kept at 4 cm. The high transducer 

frequency ensured that the operating point was below the 

intensity threshold for fully-developed cavitation. A variable 

voltage transformer controlled the input voltage to the 

transducer over the range from 20 V to 60 V.  

 Deep-blue dyed polystyrene microspheres, with a diameter 

of 2.004 (± 0.08) µm,  were  purchased dispersed in water from 

Phosphorex, Inc. (catalog no. 1002KB). The color offers high 

contrast to the transparent PDMS polymer surface for improved 

visibility during optical imaging. The natural hydrophobicity of 

polystyrene and PDMS enable component-substrate 

interactions via the hydrophobic force. The assembly fluid 

mixture was prepared by pipeting polystyrene microspheres 

into an ethanol–water mixture containing 8% water by volume. 

The components were dispersed in the fluid by shaking the 

mixture on a vortex mixing tool for a few minutes.  

 About 2 mL of the assembly fluid medium was pipetted into 

the assembly beaker, which is a second, smaller beaker 

suspended above the transducer and immersed 0.75 cm into 

water in the large beaker. The PDMS template was placed face-

up in the beaker. A sufficient volume of the polystyrene 

component solution (between 300-400 µL, at a density of 2.26 

x 109  components/mL) was added to the assembly beaker. A 

large oversupply of components, with more than 105 times as 

many microspheres as assembly sites on the template, was 

contained in this mixture volume. Power to the transducer was 

turned on after capping the small beaker, and the experiment 

was run undisturbed for 5 minutes. The template was then taken 

out of the assembly mixture, placed on a flat surface and 

allowed to air-dry for about a minute before examination with 

an inverted optical microscope.  

 The assembly yield was quantified by calculating the 

ratio of the number of wells of each size that were filled 

with components to the total number of wells of that size. 

After analysis, the components were detached from assembly 

sites on the template by placing the template at the bottom of 

the small beaker, adding a small volume (4 mL) of ethanol to 

(A) (B) (C) 
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the beaker, and placing the system in an ultrasonic bath for 

about 2 minutes. The template was then reused to ensure 

geometric consistency between runs. Experiments were also 

conducted previously under similar conditions for the self-

assembly of polystyrene microspheres on the master silica 

template, as described in detail in [10]. Results obtained from 

these two sets of experiments were compared to assess the 

effect of the deformability of the template surface on assembly 

yield. 

 

Results 

 The initial experiments were carried out using assembly 

templates in which the wells are nearly hemispherical and are 

well-matched to the components’ diameters. The optical 

micrographs of Figure 3 show assembly as the voltage applied 

to the acoustic transducer (and hence its output power) is 

increased. The template in this case comprises an array of 

nominally uniformly-sized, nearly-hemispherical wells that 

were etched to a depth of approximately 1 m from small (50 

nm diameter) openings in the resist. At low values of transducer 

voltage, low assembly yield is observed and most assembly 

sites are empty (Figure 3(A)). Low yield at low power is 

explained in [9]; at low enough levels of input power, the fluid 

forces cannot overcome the energy barriers at the edges of the 

wells to drive components into the assembly sites. Figure 3(B) 

shows the higher assembly yields that occur as voltage and 

input power are increased. The higher power enables the 

components to sample the sites, and components that match 

their wells’ sizes begin to be trapped in the sites when the 

adhesive moments that promote component retention exceed 

the fluidic moments that promote component removal [7,8]. At 

an excitation voltage of about 50 V, the assembly yield rises to 

nearly 100%, as shown in Figure 3(C). At this stage, the 

retention effects dominate the removal effects. Any further 

increase in voltage strengthens the fluidic moments that 

promote component removal, and the yield starts decreasing.  

 The results of Figure 3 are similar to those observed with 

both rigid and deformable components assembled into rigid 

substrates [7-11], providing initial support for the success of 

assembly of deformable components into highly deformable 

substrates. However, the results of Figure 3 do not by 

themselves demonstrate that deformable templates cannot 

disrupt the assembly process. Successful assembly involves not 

only achieving high assembly yields for cases in which the 

components are well-matched to the wells, but also achieving 

low assembly yields when the components are poorly-matched 

to the wells. Since the template of Figure 3 contains nominally 

uniform, well-matched wells, it cannot demonstrate the ability 

to reject poorly-matched components. 

 Selectivity was demonstrated by characterizing assembly 

into wells that were etched from a range of different-sized 

openings in the e-beam resist; larger resist openings correspond 

to a larger final well diameter as well as larger deviations from 

the ideal hemispherical shape. Figure 4 plots the assembly 

yields that were measured for wells etched from resist openings 

ranging from 45 nm in diameter (the “nominal hole size”) to 70 

nm in diameter (25 nm larger than the nominal hole size) with a 

transducer voltage of 50 V. The assembly yield of polystyrene 

microspheres onto PDMS has its maximum values for wells 

that are 0-5 nm larger than the nominal size and begins to 

decrease for even slightly larger well sizes. The higher yield is 

obtained for wells etched from smaller resist openings since 

  
10 μm    

10 μm    
10 μm  

(A) (B) (C) 

Empty site 

Filled site 
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they match the components better in shape and size, as 

compared with wells created from larger resist openings. The 

significance of the observed results is confirmed by multiple 

measurements of yield in nominally identical experiments (50 

V and 8% water fraction with polystyrene components). The 

variation in yield for those assembly conditions was less than 

7%.  

 The successful size-selectivity of the assembly onto PDMS 

confirms that even extreme elastomer deformability does not 

prevent selective assembly and supports the principle that it is 

the onset of plastic deformation rather than purely elastic 

deformation that is of concern in this powerful type of shape-

matched assembly. Selective assembly is successful despite a 

much larger contact area for the case of assembly onto the 

much more deformable PDMS template as compared with 

assembly onto the rigid template. The nominal contact area (i.e. 

the contact area without taking into account surface roughness) 

was calculated for 2 m PS spheres assembling into ideal 

hemispherical wells of various dimensions under the influence 

of a typical 4 nN force. The calculations take into account the 

shrinkage of PDMS upon curing. For assembly into wells with 

2.045 m diameter (the nominal 2 m size plus the size of the 

original resist opening), the contact areas are 1.2 m2 and 4.1 x 

10-3 m2 for assembly onto PDMS and onto the more rigid 

material, respectively. For assembly into wells with 2.070 m 

diameter (similar to the largest wells patterned from a 70 nm 

resist opening), the contact areas for PDMS and the more rigid 

material are 0.87 m2 and 3.1 x 10-3 m2, respectively. The 

contact area within a hemispherical well on the PDMS template 

is therefore approximately 290X larger (for the smallest wells) 

and 280X larger (for the largest wells) than the contact area 

within a well on the more rigid template. The contact areas will 

decline as the well size is increased and as the well deviates 

from an ideal hemispherical shape, but PDMS’s larger contact 

area as compared with rigid substrates will be maintained. The 

results are also consistent with the model’s predictions that the 

components and substrate will remain outside the plastic regime 

for the materials considered here.  

 The best way to demonstrate that elastic template 

deformation does not notably impact TASR-based size-

selective assembly is to show that assembly into PDMS 

templates follows the same trend as assembly into the master 

silicon-based templates, to within the limits of the experiments. 

To compare assembly into the two templates, the data of Figure 

4 are compared with the data from [10], in which similarly-

sized (2.077 +/- 0.045 m) components are assembled into the 

silicon-based template used here as a master pattern for the 

PDMS molding. The data from [10] are plotted for comparison 

in Figure 4. It is evident that the two curves are not identical. 

Although both sets of experiments are similar and show a high 

yield for wells etched from small resist openings, the yield for 

assembly onto PDMS declines somewhat more quickly than the 

yield for assembly into Si. For larger well sizes, the offset 

between the two curves is approximately 15 nm.   

 It is important to ask whether the offset between the two 

curves represents a meaningful difference between the two 

experiments (e.g. the slightly different geometries of the two 

experiments or a fundamental difference between assembly 

onto PDMS and assembly onto a rigid substrate) or a random 

variation that reflects experimental uncertainty. The different 

geometries include both sphere sizes and well sizes. The 

microspheres assembled onto the PDMS template have an 

average diameter that is approximately 73 nm smaller than the 

average diameter of the microspheres that were assembled onto 

the silicon-based master template. However, the effective 

difference in sizes is much less than 73 nm, for three reasons. 

First, the well-known shrinkage of PDMS during curing will 

result in the wells being smaller on the replicated template than 

on the silicon-based master. Assuming shrinkage of 

approximately 1% as reported in [33], the double PDMS 

molding process will create wells that are about 2% smaller 

than those of the master template. Since attack of the 

resist/oxide interface by the BOE results in imperfectly 

hemispherical wells, the wells may be characterized either by 

Fig. 5: Plot of measured fractional assembly yield versus 

ratio of moment promoting component retention to moment 

promoting component removal for deformable polystyrene 

components on deformable PDMS (the present data), 

deformable polystyrene components on rigid silicon-based 

substrates [10], and rigid silicon components on rigid silicon-

based substrates [8]. The results shown here represent a range 

of experimental conditions, including different well 

diameters, assembly fluid compositions, and acoustic 
transducer voltages. The data fall onto a single curve.  

Fig. 4: Plot of measured fractional assembly yield versus the 

difference between the assembly site diameter and the nominal 

assembly site diameter. The nominal diameter is the diameter 

of a well etched from an initial resist opening of 45 nm on the 

master silicon template. Red squares describe assembly of 

polystyrene onto PDMS, and blue diamonds describe assembly 

of polystyrene onto the silicon-based master.  
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their depth (i.e. approximately 2 m in diameter) or by their 

width (i.e. approximately 2.5 m in diameter), corresponding to 

a well shrinkage of between 40 nm and 50 nm.  The smaller 

well size partially compensates for the smaller sphere size used 

for experiments on assembly onto PDMS. Second, the 

remaining effective size difference of 23 to 33 nm is less than 

the 80 nm and 45 nm standard deviations of the spheres’ size 

distributions. Finally, the imperfectly hemispherical wells are 

characterized by a range of values for radius of curvature rather 

than by a single radius, further increasing the geometric 

uncertainty and the range of possibilities for successful 

assembly. The approximately 15 nm offset between the two 

curves observed in the experiments is well within the range of 

experimental size uncertainty. Figure 4 therefore shows that 

assembly onto PDMS and assembly onto rigid substrates are 

comparable to within the size resolution of the experiments.  

 Finally, the ratio of the adhesive moments that promote 

component retention to the fluidic moments that promote 

component removal were calculated for all of the experiments 

carried out here. The calculations were carried out using the 

original TASR model that was created to describe assembly of 

rigid components onto rigid templates [7-9]. Figure 5 plots the 

measured assembly yield vs. the calculated moment ratio for 

the present experiments. Also plotted for comparison are the 

corresponding curves for silica spheres assembled on the master 

templates and for polystyrene spheres assembled on the master 

templates as reported in [8,10]. To within the limits of the 

experimental uncertainties (e.g. the values of template 

roughness, fluidic forces, and acoustic excitations), the three 

cases fall along a single curve. These results confirm that, to 

within the limits of the model described above, assembly of 

deformable objects on PDMS substrates can be predicted with 

the same tools that are used for rigid systems, and that selective 

assembly can be successful.  

 

Conclusions 

 These results demonstrate the successful application of a 

powerful size-selective assembly technique to the assembly of 

deformable components onto low-cost, replicated PDMS 

templates, greatly expanding the practical utility of the 

assembly technique. Because polystyrene is more easily 

plastically deformed than other polymers of interest, and 

because PDMS’s deformability is very large, the present 

successful assembly constitutes a robust validation of the 

technique. Quantitative analysis of the results demonstrates that 

not only is the assembly successful, but it also proceeds in the 

same manner as assembly of rigid and deformable components 

onto more expensive, rigid master templates. Together with 

models that describe other aspects of the TASR process, the 

theoretical model presented here offers a tool to predict the 

circumstances under which a given set of material parameters 

will be consistent with TASR-based selective assembly. The 

model is validated by the successful assembly of plastically-

deformable polystyrene components onto elastomeric PDMS 

substrates.  Finally, the model’s predictions that this process 

will be successful even for the assembly of cells onto common 

biopolymers such as PGS suggests that TASR can be a 

successful tool for biological applications such as structuring 

engineered tissues.  
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